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We have studied the functional and structural properties of nucleosomes reconstituted with H2BFWT, a
recently identified putative histone variant of the H2B family with totally unknown function. We show that
H2BFWT can replace the conventional histone H2B in the nucleosome. The presence of H2BFWT did not affect
the overall structure of the nucleosome, and the H2BFWT nucleosomes exhibited the same stability as
conventional nucleosomes. SWI/SNF was able to efficiently remodel and mobilize the H2BFWT nucleosomes.
Importantly, H2BFWT, in contrast to conventional H2B, was unable to recruit chromosome condensation
factors and to participate in the assembly of mitotic chromosomes. This was determined by the highly divergent
(compared to conventional H2B) NH2 tail of H2BFWT. These data, in combination with the observations that
H2BFWT was found by others in the sperm nuclei and appeared to be associated with the telomeric chromatin,
suggest that H2BFWT could act as a specific epigenetic marker.

DNA is packaged in the somatic nucleus into chromatin.
The nucleosome, the basal repeating unit of chromatin, is
constituted of an octamer of the core histones (two of each
H2A, H2B, H3, and H4), around which two superhelical turns
of DNA are wrapped (48). The structures of both the histone
octamer (5, 6) and the nucleosome (33) were solved by X-ray
crystallography. Each histone within the octamer consists of a
structured domain (the histone fold) and a nonstructured NH2

tail.
The NH2 tails, initially defined by their sensitivity to pro-

teases, contain about 25% of the total mass of the core histones
(5, 48). The tails are very basic, and UV laser protein-DNA
cross-linking has shown that they bind to chromatin both in
vitro and in vivo (36, 46). The NH2 tails are not required for
either the assembly or the maintenance of the nucleosome
particle, and their cleavage results in a very slight effect on the
structural properties of the nucleosome (7, 24). However, the
NH2 tails play an essential role in the folding and the mainte-
nance of the 30-nm chromatin fiber (23). Both the compaction
of the chromatin fiber and the orientation of the nucleosomes
relative to the fiber axis are dependent on the integrity of the
NH2 tails (1, 17). The tails of the individual histones appeared
to be involved in distinct phenomena. For example, the integ-
rity of the histone H4 tail is fully required for the folding of the
30-nm chromatin fiber (18), while the tail of the histone H2B
is crucial for the assembly of mitotic chromosomes (13, 14).

The NH2 tails of histones H3 and H4 are selectively required
for the p300-dependent transcriptional activation of chromatin
(2).

In addition to conventional histones, the cells express his-
tone variants. The histone variants are nonallelic forms of the
conventional histones, and they are present in the cell in a very
small amount compared to the conventional ones (48). The
histone variants participate in the regulation of different pro-
cesses within the cell (26, 44). The best studied are the histone
variants of the H2A and H3 families (22, 35, 42). The histone
variant H2AX is involved in DNA repair and the maintenance
of the stability of the genome (8, 9). Another histone variant,
H2A.Z, appeared to be implicated in gene activation, gene
silencing, and chromosome segregation (15, 41, 43). The inac-
tive X chromosome is believed to be enriched in the histone
variant macroH2A, which could play an essential role in its
inactivation (12, 28). CENP-A, a universal histone variant of
the H3 family, is specifically associated with the centromeric
sequences and is crucial for the assembly and maintenance of
the kinetochores (26, 27), while active genes are sites of re-
placement of H3.3, another universal histone H3 variant (26).

Few H2B variants have been identified to date, and their
function is largely unknown (10, 21, 31). Recently, a novel
putative H2B variant, H2BFWT, was cloned (10). This puta-
tive histone variant exhibits very low homology (45% identity)
with the conventional H2B, with its NH2 tail showing the
lowest homology. In this work we have studied the structural
and functional properties of nucleosomes reconstituted with
H2BFWT and compared them with the properties of conven-
tional nucleosomes. Our data suggest that H2BFWT, in con-
trast to conventional H2B, is unable to recruit chromosome
condensation factors and to assist mitotic chromosome assem-
bly.
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MATERIALS AND METHODS

Preparation of DNA probes. The 152-bp fragment containing the Xenopus
borealis 5S RNA gene was obtained from plasmid pXP10 as described previously
(30). The 255-bp and 241-bp DNA fragments containing nucleosome-positioning
sequence 601 (32), allowing reconstitution of end- or centrally positioned nu-
cleosomes, were prepared by PCR amplification using 32P-labeled primers and
plasmids pGEM3Z-601 and p199-1 (kind gifts from J. Widom and B. Bar-
tholomew), respectively. Labeled DNA fragments were gel purified.

H2BFWT cloning and nucleosome reconstitution. The H2BFWT coding se-
quence was amplified by PCR by using the EST IMAGE clone 5266336 cDNA
and the primers 5�-CAGTGGCCATATGGCCACTGCCTCCGCC (forward)
and 5�-TGAGGATCCTCACTTTCTCTGTTGCTGTATG (reverse). The PCR
product was cloned in a pET3a vector (Novagen). H2BFWT was overexpressed
in C41(DE3) cells (Avidis) and purified to homogeneity. The H2BFWT se-
quence (EST IMAGE clone 5266336 cDNA) contains two potential AUG start
codons. We have used AUG start codon 67 (M23), which allows the translation
of a shorter version of H2BFWT (153 amino acids), since we have observed this
form of H2BFWT to be expressed in vivo (data not shown).

The green fluorescent protein (GFP)-H2BFWT and the hemagglutinin (HA)-
H2BFWT (pcDNA/HA-H2BFWT) vectors, the chimeric histone NterH2B-FWT
expression vector (which contains the sequence corresponding to the NH2 tail of
the conventional human H2B [amino acids 1 to E36] in a fusion with the globular
part of H2BFWT [from S80 to K175]), and the H3Nter-gH2A expression vector
(which contains the sequence corresponding to the NH2 tail of H3 fused to the
histone fold domain of H2A) were prepared using standard techniques.

Recombinant Xenopus laevis variant H2BFWT or mutant histones were ex-
pressed in bacteria and were purified to homogeneity (13). To reconstitute
nucleosomes, an equimolar mixture of the histones was dialyzed overnight at 4°C
against histone folding buffer (10 mM Tris [pH 7.5], 5 mM �-mercaptoethanol,
1 mM EDTA) containing 2.0 M NaCl. The histones were then mixed at a 0.8:1
molar ratio with a mixture of the 32P-labeled DNA fragment and nonlabeled
nucleosomal size bulk DNA (at a ratio of 1:15) and stepwise dialyzed against
decreasing concentration of NaCl down to 10 mM (36).

EMSA, DNase I footprinting, and exonuclease III mapping. Electrophoretic
mobility shift assay (EMSA) was carried out in a 5% polyacrylamide gel (acryl-
amide/bisacrylamide ratio, 29:1 [wt/wt]) in the presence of 1% glycerol (3).
DNase I footprinting and exonuclease mapping of the nucleosome boundaries
were done as described previously (3, 25). Nucleosome dilution experiments
were performed by using histone H3 that was 32P labeled at serine 10 (11).

Histone transfer experiments. For the histone transfer experiment, swapped-
tail H3-H2A mutant histone (H3Nter-gH2A) was used. This allows the mutant
H2A (H3Nter-gH2A) to be radioactively labeled at serine 10 by the Aurora A
kinase (45) and its transfer to the H3-H4 tetrameric particle to be studied.

Briefly, conventional and H2BFWT nucleosomes were reconstituted by using
32P-labeled H3Nter-gH2A and unlabeled 255-bp 601 DNA fragment. Several
reaction mixtures containing 14 ng of histone-labeled, centrally positioned nu-
cleosomes in remodeling buffer together with a threefold molar excess of non-
labeled tetrameric H3-H4 particles (reconstituted on a 152-bp DNA fragment
containing the 5S RNA gene of X. borealis) and 2 �l of SWI/SNF in a 10-�l final
volume were prepared. The mixtures were incubated at 30°C for different times,
the reactions were arrested, and the samples were stored on ice until being
loaded on the gel. EMSA was carried out at 4°C (3).

Immunofluorescence and fluorescence recovery after photobleaching (FRAP).
HeLa or A431 cells were transfected with either GFP-H2A, GFP-H2BFWT, or
HA-H2BFWT constructs by using either FuGENE 6 reagent (Roche) or Lipo-
fectamine 2000 reagent (Invitrogen) according to the manufacturer’s protocol.
Nucleosomes were prepared by digestion of isolated nuclei from the transfected
cells with micrococcal nuclease, followed by purification on 5 to 30% sucrose
gradients containing 0.6 M NaCl (13). The immunoblotting was done according
to the protocol described by Mutskov et al. (36). Stable transfected cells were
selected with gentamicin (500 �g/ml). The positivity of the amplified cell clones
was checked by fluorescence. Stable cell clones were established as described
previously (20). Photobleaching and confocal microscopy were performed on a
Zeiss LSM510 laser scanning confocal instrument as described previously (20).

Mitotic chromosome assembly. Mitotic extracts from Xenopus laevis eggs were
prepared as described previously (13). Assembly of mitotic chromosomes and
nucleosome competition experiments were performed in a 50-�l final volume of
reaction mixture exactly as described previously (13).

RESULTS

In vivo incorporation of HA-H2BFWT within the nucleo-
some. The putative histone variant H2BFWT exhibits a rela-

tively low (45%) identity to the conventional H2B (Fig. 1A).
This raises the question of whether H2BFWT is really a his-
tone protein and whether it can be properly incorporated into
the nucleosome. To address this question, we ectopically ex-
pressed HA-tagged H2BFWT in HeLa cells and visualized it
by immunofluorescence microscopy (Fig. 1B and C) and West-
ern blotting (Fig. 1D, lane 2) with anti-HA antibody. The
Western blotting shows a specific reaction with the anti-HA
antibody for extracts isolated from cells transfected with the
HA-H2BFWT expression vector (Fig. 1D, compare lane 2 with
lane 3). The anti-HA immunofluorescent staining shows that
HA-H2BFWT is associated with chromatin throughout the cell
cycle (Fig. 1B). This was further confirmed by staining of mi-
totic chromosome spreads with the anti-HA antibody (Fig.
1C). To analyze the incorporation of HA-H2BFWT into the
nucleosome, nucleosomes were isolated from HeLa cells ex-
pressing HA-H2BFWT and purified through a sucrose gradi-
ent containing 0.6 M NaCl. The electrophoretic analysis shows
that these highly purified nucleosomes contain only core his-
tones and thus are free from nonhistone and nonspecifically
associated proteins (Fig. 1D, lane 1). The Western blotting
demonstrates that HA-H2BFWT was present within these nu-
cleosomes (Fig. 1D, lane 4). We conclude that H2BFWT is a
bona fide histone.

Remodeling and mobilization of H2BFWT nucleosomes by
SWI/SNF. We have shown recently that incorporation of the
histone variants macroH2A and H2ABbd results in alterations
in the nucleosome structure, which, in turn, interferes with
nucleosome variant remodeling (3, 20). Since H2BFWT exhib-
its a quite high divergence in its primary structure compared to
the conventional H2B, one may think that the variant
H2BFWT nucleosome would behave similarly to the
macroH2A and H2ABbd nucleosomes. To test this hypothesis,
we purified to homogeneity conventional core histones and the
histone variant H2BFWT (Fig. 2A) and used them, together
with a 32P-labeled 152-bp DNA fragment containing the X.
borealis 5S rRNA gene, to reconstitute positioned nucleosomes
(Fig. 2B and C). In agreement with the in vivo data (Fig. 1), the
EMSA (Fig. 2B) and the histone composition analysis (Fig.
2C) showed an efficient incorporation of H2BFWT into the
nucleosome. We next analyzed the structure of the variant
H2BFWT nucleosome in solution by DNase I footprinting
(Fig. 2D). The DNase I cutting patterns of the conventional
(Fig. 2D, lanes 1 and 2) and the H2BFWT (Fig. 2D, lanes 3 and
4) nucleosomes, in contrast to the digestion pattern of the
(H3-H4)2 tetramer (Fig. 2D, lane 6), are essentially the same.
This somewhat surprising result strongly suggests that the
structure of the H2BFWT nucleosome in solution is very close
to that of the conventional nucleosome.

To study the mobilization of the H2BFWT nucleosomes, we
used centrally positioned nucleosome particles reconstituted
on a 255-bp 601 DNA fragment (Fig. 3A). Incubation of both
conventional and H2BFWT nucleosomal particles with in-
creasing amounts of SWI/SNF in the presence of ATP resulted
in efficient mobilization of both histone octamers and the for-
mation of end-positioned nucleosomes (Fig. 3A, compare
lanes 2 to 5 with lanes 7 to 10). This was further confirmed by
the exonuclease III mapping data (Fig. 3B). Indeed, these data
clearly show that upon increasing the amount of added SWI/
SNF, both the conventional and the H2BFWT variant octam-
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ers slide from a central to an end position (Fig. 3B, compare
lanes 2 to 6 with lanes 10 to 14).

The ability of SWI/SNF to remodel H2BFWT variant nu-
cleosomes was studied by using DNase I footprinting (Fig. 3C).
In the presence of ATP, increasing amount of SWI/SNF in the
reaction mixture containing either conventional or H2BFWT
nucleosomes resulted in dramatic changes in the DNase I
cutting patterns of both particles (Fig. 3C, compare lanes 1 to
5 with lanes 6 to 10), and with the larger amount of SWI/SNF
used, the patterns were very similar to that of naked DNA
(lane 11). These changes reflect the alterations in the histone-
DNA interactions generated by the action of SWI/SNF. There-
fore, SWI/SNF was able, as in the case of conventional nucleo-
somes, to remodel the variant H2BFWT particle. In agreement
with this, we found that SWI/SNF has the capacity to induce an
efficient transfer of the variant H2A-H2BFWT dimer to a

(H3-H4)2 tetrameric particle (Fig. 3D). In this experiment, we
used centrally positioned conventional and variant H2BFWT
nucleosomes reconstituted on a 255-bp fragment containing
the 601 positioning sequence by using 32P-radiolabeled H2A.
The tetrameric particle was reconstituted on a 152-bp fragment
which contains the Xenopus borealis 5S rRNA gene. When
these nucleosomes were mixed with the nonlabeled tetrameric
particles in the presence of ATP and SWI/SNF, both labeled
octamers were mobilized, and then the labeled conventional
H2A-H2B or H2A-H2BFWT variant dimers were transferred
efficiently to the tetrameric particles (Fig. 3D, lanes 6 to 10 and
lanes 16 to 20). This transfer is dependent on SWI/SNF, since
in the absence of the remodeler, no transfer is observed (Fig.
3D, lanes 1 to 5 and lanes 11 to 15). These data demonstrate
that H2BFWT does not affect the SWI/SNF-dependent trans-
fer of the heterotypic dimer to the tetrameric particle.

FIG. 1. The histone variant H2BFWT is assembled into nucleosomes. (A) Sequence alignment of conventional H2B and the histone variant
H2BFWT. The histograms under the sequences show the degree of homology between the two proteins. The amino acid residues are shown in
different colors according to their properties. (B and C) In vivo association of H2BFWT with chromatin. HeLa cells were transiently transfected
with a tagged HA-H2BFWT expression vector. The presence of the tagged HA-H2BFWT at different phases of the cell cycle (B) and in spread
metaphase chromosomes (C) was detected with anti-HA antibody (red). Hoechst staining of DNA is shown in blue. (D) Incorporation of H2BFWT
into the nucleosomes. Nuclei isolated from HA-H2BFWT-transfected cells were digested with microccocal nuclease, and nucleosomes were
purified on a sucrose gradient containing 0.6 M NaCl. The presence of H2BFWT was detected by Western blotting by using anti-HA antibody.
Lane 1, Coomassie blue staining of an 18% sodium dodecyl sulfate gel of the loaded nucleosomes. Lanes 2 to 4, Western blotting of extracts
isolated from H2BFWT-transfected cells (lane 2), control nontransfected cells (lane 3), and isolated nucleosomes (lane 4). The positions of the
molecular mass markers are shown on the left.
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Stability of the H2BFWT variant nucleosome. Does the
presence of H2BFWT affect the stability of the variant nucleo-
some? This question was addressed both in vitro and in vivo
(Fig. 4). We have recently demonstrated that at a very low
nucleosome concentration a selective release of the hetero-
typic H2A-H2B dimer from the nucleosome particle occurs
(11). This release results in the formation of a tetrameric
(H3-H4)2 particle and reflects the strength of the interaction of
the H2A-H2B dimer with both the (H3-H4)2 tetramer and the
nucleosomal DNA, i.e., the internal stability of the nucleosome
(11). To study the dissociation of H2A-H2BFWT from the

nucleosome at a very low nucleosome concentration, we re-
constituted both conventional and H2BFWT variant nucleo-
somes by using 32P-labeled histone H3 and a 241-bp DNA
fragment containing the 601 positioned sequence (11) (the use
of 32P-labeled H3 was crucial in this experiment, since this has
allowed us to visualize the particles at a very low concentra-
tion). EMSA was then carried out to follow the release of the
heterotypic conventional and H2A-H2BFWT dimers from the
nucleosome upon successive twofold dilutions in the range of
50 to 1.5 nM nucleosome particles (Fig. 4A). Upon dilution, in
addition to the nucleosome band, a second band correspond-
ing to the tetrameric (H3-H4)2 particle was observed (Fig. 4A)
(it should be noted that identical volumes of individual samples
were loaded on the gel, and each successively loaded sample
contains half as much radioactivity as the previous one). Inter-
estingly, at the same nucleosome dilution, the extents of dis-
sociation of the conventional H2A-H2B- and variant H2A-
H2BFWT dimers were very similar, thus suggesting very
similar in vitro stabilities of conventional and H2BFWT variant
nucleosomes (Fig. 4A).

The in vivo stability of the H2BFWT nucleosome was ana-
lyzed in a series of FRAP experiments by using stable cell lines
expressing either GFP-H2A or GFP-H2BFWT (Fig. 4B). In
these cell lines the GFP fusions were assembled into nucleo-
somes, and no free fusions were present (reference 20 and
results not shown). A small rectangular area of the nucleus of
a single cell expressing either GFP-H2A or GFP-H2BFWT
was photobleached (Fig. 4B). Pictures were taken before the
photobleaching and then at the indicated times during the
recovery of fluorescence (Fig. 4B). The results show that the
recovery kinetics are very similar for both fusions (Fig. 4B and
C), showing that GFP-H2BFWT exchanges as quickly as the
conventional fusion, GFP-H2A. Since the histone exchange
rate directly reflects the stability of the nucleosome particle
(29), the above-described FRAP data allow the conclusion that
the conventional and the H2BFWT nucleosomes exhibit very
similar stability.

H2BFWT and assembly of mitotic chromosomes. The NH2

tail of the conventional histone H2B is crucial for condensation
and assembly of mitotic chromosomes (13). The reported data
suggest that conserved factors, essential for chromosome con-
densation, specifically recognize the tail of histone H2B and
assist the assembly of mitotic chromosomes (13, 14). The NH2

tail of H2BFWT is, however, the most divergent H2BFWT
domain compared to the respective domains of conventional
H2B (Fig. 1A). This suggests that H2BFWT may not be able to
play a role similar to that of H2B in chromosome condensa-
tion. We tested this hypothesis by the approach we have ap-
plied to demonstrate the role of H2B in chromosome conden-
sation in a series of nucleosome competition experiments (13).

We used Xenopus egg extract and demembranated Xenopus
sperm nuclei to assemble mitotic chromosomes (14). Incuba-
tion of the sperm in the extract was initially accompanied by a
very rapid massive decondensation (Fig. 5A), which reflects the
release of the protamine-like proteins from the sperm and
their replacement with histones (16, 40). Further incubation
resulted in condensation of chromatin and finally in the for-
mation of well-defined chromosomes (Fig. 5A, control) (14).
In agreement with reports in the literature (13), when exoge-
nous reconstituted conventional nucleosomes at a concentra-

FIG. 2. The presence of H2BFWT has no effect on the structure of
the nucleosome. An equimolar mixture of purified-to-homogeneity
recombinant core histones H2A, H3, and H4 and either conventional
H2A or histone variant H2BFWT and a 152-bp EcoRI-RsaI 32P-end-
labeled DNA fragment containing the X. borealis 5S RNA gene were
used to reconstitute nucleosomes. (A) An 18% sodium dodecyl sulfate
electrophoresis of conventional core histones and the histone variant
H2BFWT. The first lane shows the molecular mass markers.
(B) EMSA of the reconstituted conventional (Nuc) and histone variant
H2BFWT (Nuc FWT) nucleosomes. The positions of the nucleosomes
and the free DNA are shown on the right. (C) Histone composition of
the reconstituted nucleosomes. Preparative EMSA was carried out, the
conventional and H2BFWT nucleosome bands were cut from the gel,
and the nucleoproteins were eluted. Histones were isolated and sep-
arated by 18% sodium dodecyl sulfate electrophoresis, and the gel was
stained with Coomassie blue. The positions of the histones are indi-
cated. (D) DNase I footprinting of reconstituted conventional H2AB
nucleosomes (in duplicate, lanes 1 and 2), variant H2AB nucleosomes
(in duplicate, lanes 3 and 4), and tetrasomal particles containing only
the (H3-H4)2 tetramer (lane 6). Lane 5, footprinting of naked DNA.
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FIG. 3. SWI/SNF remodels and mobilizes conventional and variant H2BFWT nucleosomes. (A) A 255-bp DNA fragment containing the
positioning sequence 601 was used to reconstitute conventional and variant H2BFWT centrally positioned nucleosomes. Both types of nucleosomes
were incubated with increasing amounts of SWI/SNF in the presence of ATP for 30 min at 30°C. The mobility of the histone octamers was assessed
on a 5.5% native polyacrylamide gel. On the left are indicated the positions of the centrally and end-positioned nucleosomes and free DNA.
(B) Exonuclease III mapping of the positions of conventional and H2BFWT nucleosomes. Both types of nucleosomes were incubated with
SWI/SNF as described for panel A and, after the reaction was arrested, digested with exonuclease III. (C) DNase I footprinting of conventional
(lanes 1 to 5) and variant H2BFWT (lanes 6 to 10) nucleosomes, reconstituted on the 152-bp EcoRI-RsaI 32P-end-labeled DNA fragment
containing the X. borealis 5S RNA. The nucleosomes were incubated with SWI/SNF as for panel A and then subjected to DNase I digestion. Lane
11, DNase I digestion pattern of naked DNA. (D) The H2A-H2BFWT dimer is transferred efficiently to an (H3-H4)2 tetrameric particle.
Conventional and H2BFWT variant nucleosomes were reconstituted on a 255-bp DNA fragment which contains the 601 positioning sequence by
using radioactively labeled H2A. Histone H3-H4 particles were reconstituted on a 152-bp fragment containing the X. borealis 5S gene. The
nucleosomes were incubated in the presence of a threefold molar excess of tetrameric particles at 30°C for the indicated times in the presence or
absence of SWI/SNF. The positions of the centrally and end-positioned 255-bp nucleosomes and of the 152-bp nucleosomes are indicated. The
asterisk indicates the radioactively labeled H2A. Note that the conventional H2A-H2B and the variant H2A-H2BFWT dimers exhibit very similar
efficiencies of transfer to the tetrameric particles.
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tion of 30 ng/�l were added to the reaction mixture, the as-
sembly was inhibited and the process was arrested at the
decondensation state (Fig. 5A, Nuc H2B). This phenomenon is
associated with the titration of chromosome assembly factors
by the NH2 tails of the exogenous nucleosomes and in partic-
ular by the NH2 tail of histone H2B (13, 14). As a result of the
titration, these chromosome assembly factors are no longer
available for the decondensed sperm nuclei, and the nuclei fail
to further assemble into chromosomes (13, 14). The addition
of the same concentration of H2BFWT variant nucleosomes,
however, had no effect on the assembly of chromosomes (Fig.
5A, Nuc FWT). Indeed, after 90 min of incubation of the
sperm nuclei in the extract in the presence of H2BFWT nu-
cleosomes, piles of well-defined chromosomes (Fig. 5A, Nuc
FWT), indistinguishable from the assembled ones in the con-
trol reaction (Fig. 5A, control), were observed. Importantly,
even an increase in the added H2BFWT nucleosomes in the
chromosome assembly reaction of one order of magnitude did
not affect the assembly process (Fig. 5B). Therefore, the vari-
ant H2BFWT nucleosomes, in contrast to the conventional
nucleosomes, were unable to interfere with the mitotic chro-
mosome assembly. Chromosome condensation was also com-
pletely inhibited when a mixture of conventional and

H2BFWT nucleosomes was used in the competition experi-
ments (results not shown), showing that the H2BFWT nucleo-
somes do not contain contaminants which could interact with
inhibitors of chromosome condensation and affect their ability
to function properly.

Bearing in mind that (i) the NH2 tail of conventional H2B is
crucial for the assembly of mitotic chromosomes and (ii) the
NH2 tail of H2B is quite divergent from that of H2BFWT,
these results indicate that the H2BFWT tail could be respon-
sible for the inability of H2BFWT nucleosomes to inhibit chro-
mosome assembly. If this was correct, a chimeric nucleosome
containing, instead of H2BFWT, a fusion of the tail of con-
ventional H2B with the histone fold motif of H2BFWT
(NterH2B-FWT) would inhibit the condensation process. We
found that this was actually the case, since the addition of only
30 ng/�l of NterH2B-FWT nucleosomes completely rescued
the inhibition and the assembly process was arrested at the
decondensation state (Fig. 5A and B).

DISCUSSION

The incorporation of a histone variant into the histone oc-
tamer may create a nucleosome with a different structure and

FIG. 4. In vitro and in vivo stabilities of the variant H2BFWT nucleosome. (A) The H2BFWT variant nucleosome exhibits in vitro the
same stability as the conventional H2A nucleosome. Conventional and variant H2BFWT nucleosomes and tetrameric (H3-H4)2 particles
were reconstituted by using 32P-labeled histone H3. The samples were diluted to the indicated concentrations with 1� phosphate-buffered
saline and run on a native 5.5% polyacrylamide gel. On the left are shown the conventional and H2BFWT nucleosomes at 50 nM. The
positions of the intact nucleosomes and tetrameric particles are indicated. Note that upon dilution, the conventional H2A-H2B and the
variant H2A-H2BFWT dimers are released with essentially the same efficiency from the reconstituted nucleosomes. (B) FRAP analysis of
the mobility of the GFP-H2BFWT variant fusion. Cells stably expressing either GFP-H2A or GFP-H2BFWT were photobleached, and
images were recorded at the indicated times postbleaching. The rectangular bleached area is designated by an arrowhead. Images of the cell
before bleaching (prebleach) are also shown. (C) Quantification of the data shown in panel B. The means and standard deviations for 45
nuclei from five independent experiments are shown.
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FIG. 5. The assembly of mitotic chromosomes in Xenopus egg extract is not inhibited by the variant H2BFWT nucleosomes, in contrast to
conventional nucleosomes. (A) Demembranated sperm nuclei were incubated in the extract for the times indicated in the absence (control) or in
the presence of either conventional H2B (Nuc H2B), variant H2BFWT (Nuc FWT), or fusion NterH2B-histone fold H2BFWT (Nuc NterH2B-
FWT) nucleosomes at a concentration of 30 ng per �l of extract. After fixation and staining with Hoechst 33258, the assembled structures were
observed by fluorescence microscopy. The reconstituted particles are schematically presented on the left. Conventional H2B is in white, while
H2BFWT is in black. Note that both the conventional and the fusion NterH2B-histone fold H2BFWT nucleosomes inhibit chromosome assembly,
while the variant H2BFWT nucleosomes do not. Bar, 5 �m. (B) Quantification of the minimal nucleosome amount that is able to inhibit mitotic
chromosome condensation. Increasing amount of conventional H2B (Nuc H2B), variant H2BFWT (Nuc FWT), or fusion NterH2B-histone fold
H2BFWT (Nuc NterH2B-FWT) nucleosomes were added to the chromosome assembly reaction mixture, and the minimal concentration of
nucleosomes sufficient to inhibit chromosome condensation was measured. Note that even the use of 300 ng/�l of competitor H2BFWT
nucleosomes (the highest nucleosomal concentration possible to be used in the experiments) was unable to inhibit the assembly process.
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distinct properties. For example, the incorporation of either
macroH2A or H2ABbd into the nucleosome resulted in alter-
ations in its structure, which appeared to interfere with both
nucleosome remodeling and mobilization (3, 4). H2ABbd nu-
cleosomal arrays are more easily transcribed than their con-
ventional counterparts (4), while the presence of macroH2A
may interfere with transcription (39). In addition, H2ABbd
nucleosomes showed lower stability both in vitro and in vivo
(20). The structure of the variant H2A.Z nucleosome exhibited
an extended acidic surface across the face of the H2A.Z oc-
tamer (47), which could be important for chromatin fiber fold-
ing (19). Thus, the incorporation of variants of the histone
H2A family within the histone octamer results in alterations in
the nucleosome structure, which may have functional conse-
quences.

Here we have carried out a detailed structural and func-
tional analysis of a nucleosome reconstituted with H2BFWT, a
recently cloned putative histone variant showing only 45%
identity with conventional H2B (10). We have demonstrated
that H2BFWT is a bona fide histone. The reconstituted
H2BFWT nucleosomes, in contrast to the H2A variant nucleo-
somes, were both in vitro and in vivo structurally and dynam-
ically indistinguishable from those reconstituted with conven-
tional histones. In addition, the H2BFWT nucleosomes, unlike
the H2ABbd and macroH2A nucleosomes, were efficiently mo-
bilized and remodeled by SWI/SNF. These structural and func-
tional properties of the H2BFWT nucleosomes are determined
mainly by the structure of the histone fold domain of the whole
variant octamer and its interaction with DNA, which should be
very similar to those of the conventional octamer. Interest-
ingly, the structural properties of the hTSH2B nucleosome, the
only other histone H2B variant nucleosome studied, were also
reported to be the same as those of the conventional nucleo-
some (31). This indicates that in general the incorporation of
an H2B variant within the histone octamer may not alter the
properties of the nucleosome, which depends on the structure
of the histone fold domain of the octamer.

The NH2 tail of H2BFWT is very divergent from the con-
ventional NH2 tail of H2B (Fig. 1A), suggesting that the
H2BFWT nucleosome may exhibit distinct NH2 tail-dependent
properties. The NH2 tail of H2B is crucial for mitotic chromo-
some assembly, since conserved (between species) chromo-
some assembly factors interact specifically with it and this al-
lows chromosome condensation to proceed (Fig. 5A) (13, 14).
Our competition experiments with Xenopus egg extract showed
that H2BFWT nucleosomes do not appear to be able to inter-
act with and to titrate these factors from the extract, since the
addition of one order of magnitude more of H2BFWT nucleo-
somes compared to the amount of conventional nucleosomes
did not inhibit the assembly of mitotic chromosomes (Fig. 5B).
This distinct property of H2BFWT resides in its NH2 tail, as
nucleosomes reconstituted with the fusion NterH2B-FWT were
found to be indistinguishable from the conventional ones in
their ability to inhibit chromosome assembly (Fig. 5A and B).

Recent experiments with somatic cells, possessing very large
telomeric sequences, indicate that the telomere interstitial
blocks might be enriched in H2BFWT (10). The telomere
chromatin exhibits a specific chromatin structure (34), and
closed chromatin loops are present at the end of the chromo-
somes (37); thus, H2BFWT may assist in the preservation of

this structure during mitosis and consequently its conservation
and transmission during the cell cycle. This could be essential
for the proper function of the telomeres. Importantly,
H2BFWT was found in sperm nuclei, and the reported data
suggest that H2BFWT colocalized again with the telomeric
sequences (10). We speculate that H2BFWT, like CENP-A
(which remains associated with the centromeres in mature
spermatozoa [38]), is an epigenetic marker required for telo-
meric identity and necessary for the transmission of specific
chromatin structure (the telomeric chromatin) through gener-
ations.
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